This study investigated the effects of maternal T-2 toxin exposure on the development of testis in the mice offspring. The detrimental effects were assessed by testicular weight, antioxidant capacity, and testosterone synthesis and secretion. Studies have shown that the toxin carried by the mother has bad effects on the testicular development of offspring at puberty, affecting the antioxidant system and testosterone synthesis in the testis, but the maternal exposure of T-2 toxin had no significant impact on the testes of offspring after sexual maturity, suggesting the recovery of reproductive function.
Introduction
T-2 toxin is a trichothecene mycotoxin with high toxicity and produced by various fungus Fusarium sp. including F. soprotrichioides, F. poae, and F. acuinatum [1] . T-2 toxin has been widely investigated due to its wide distribution in contaminated cereals such as corn, oats, barley, wheat, rice, and beans. In a global report, the detection rate of T-2 toxin in 27,850 agricultural products from 100 countries was 19%, and the average pollution level was 22 µg/kg [2] . In China, the detection rate of T-2 toxin in feed samples was as high as 79.5%, and the highest content was 735 µg/kg [3] . The association of T-2 toxin with agricultural damage and its toxic effects on animals have been reported in different countries Relative testicular weight = (weight of the testis/weight of the mice) × 100%
(1)
The Histopathological Examination and Measurement of Seminiferous Tubules Components
For histopathological examination, the testes of offspring were fixed in 4% paraformaldehyde solution for 24 h and dehydrated through a graded series of ethanol, cleared in xylene before embedded in paraffin blocks. The blocks were sectioned perpendicular to the longest axis of the testes at a thickness of 5 µm and then kept them dry for 6 h at 42 • C. Sections were stained with hematoxylin and eosin (HE). The stained sections were mounted and examined under virtual light microscopy (Model BX51TF, Olympus Corporation, Tokyo, Japan). Representative indicators of seminiferous tubules components measured in the present study included the cross-sectional area of seminiferous tubules and the height of seminiferous epithelium. Three samples were measured in each group, and five sections were selected from each sample. Both indicators were calculated 10 round tubules (exclude tubules with completely broken epithelium) per section using Image J (NIH, Bethesda, MD, USA). The measurement of seminiferous tubules components was performed by a well-trained researcher using Image J according to the method of previous studies [27, 28] with a small modification ( Figure 1) .
The details were listed as follows: the area from the base to the lumen center was recorded as the cross-sectional area of seminiferous tubules; the distance from the basal membrane to the luminal border was considered to be the height of seminiferous epithelium, and four epithelial heights perpendicular to each other were calculated, and the mean was calculated as the height of seminiferous epithelium of this tubule. The details were listed as follows: the area from the base to the lumen center was recorded as the cross-sectional area of seminiferous tubules; the distance from the basal membrane to the luminal border was considered to be the height of seminiferous epithelium, and four epithelial heights perpendicular to each other were calculated, and the mean was calculated as the height of seminiferous epithelium of this tubule.
The Measurement of Testosterone in Testes
Testes testosterone level was measured using an enzyme-linked immunosorbent assay (ELISA) (Yifeixue Bio Tech, Nanjing, China) on a multi-function microplate reader (Spark, TECAN, Männedorf, Switzerland) according to the manufacturer directions. In brief, tissue samples were smashed by homogenate in phosphate buffer saline (Solarbio, Beijing, China) using bead mill homogenizer (Bead Ruptor 12, OMNI, Kennesaw, GA, USA) and centrifuged at 3000 rpm for 15 min at 4 °C. The supernatant was collected and measured the concentration of total protein immediately (each sample two replicates) and then diluted in the assay buffer solution provided in the kit and frozen at −20 °C until analysis.
The Measurement of Antioxidant Indicators and DNA Damage in Testes
To determine the capacity of antioxidant system in testis, the testis homogenate was centrifuged to obtain the supernatant (3000 rpm, 15 min and 4 °C), and then the content of malondialdehyde (MDA), the activity of catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) in the testes were measured by assay kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). The DNA damage was detected by 8-hydroxy-2′-deoxyguanosine (8-OHdG) analysis using an ELISA assay (Meimian Co., Ltd., Shanghai, China) on a multi-function microplate reader (Spark, TECAN, Männedorf, Switzerland). 
The RT-PCR Analysis of Genes Related to Testosterone Synthesis and Apoptosis

The Measurement of Testosterone in Testes
Testes testosterone level was measured using an enzyme-linked immunosorbent assay (ELISA) (Yifeixue Bio Tech, Nanjing, China) on a multi-function microplate reader (Spark, TECAN, Männedorf, Switzerland) according to the manufacturer directions. In brief, tissue samples were smashed by homogenate in phosphate buffer saline (Solarbio, Beijing, China) using bead mill homogenizer (Bead Ruptor 12, OMNI, Kennesaw, GA, USA) and centrifuged at 3000 rpm for 15 min at 4 • C. The supernatant was collected and measured the concentration of total protein immediately (each sample two replicates) and then diluted in the assay buffer solution provided in the kit and frozen at −20 • C until analysis.
The Measurement of Antioxidant Indicators and DNA Damage in Testes
To determine the capacity of antioxidant system in testis, the testis homogenate was centrifuged to obtain the supernatant (3000 rpm, 15 min and 4 • C), and then the content of malondialdehyde (MDA), the activity of catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) in the testes were measured by assay kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). The DNA damage was detected by 8-hydroxy-2 -deoxyguanosine (8-OHdG) analysis using an ELISA assay (Meimian Co., Ltd., Shanghai, China) on a multi-function microplate reader (Spark, TECAN, Männedorf, Switzerland).
The RT-PCR Analysis of Genes Related to Testosterone Synthesis and Apoptosis
Approximately 50 mg of testes were used for total RNA extraction using a total RNA extraction kit (Vazyme BioTech Co., Ltd., Nanjing, China). The RNA concentration and purity were determined spectrophotometrically at 260 and 280 nm with a Nanodrop ® 2000 (Thermo Fisher Scientific, Wilmington, DE, USA). Then, HiScript ® II Q RT SuperMix (Vazyme BioTech Co., Ltd., Nanjing, China) was used to reverse transcribe RNA to cDNA. Quantitative real-time PCR was conducted with QuantStudio ® 5 Real-Time PCR Instrument (Applied Biosystems, Thermo Fisher Scientific, Wilmington, DE, USA) using the SYBR Green I ® T5 Fast qPCR Mix kit (TSINGKE BioTech Co., Ltd., Beijing, China). Primer sequences for genes related to testosterone synthesis and apoptosis were presented in Table 1 . Each RT-PCR was performed with four biological replicates. The relative mRNA expression levels were determined using the 2 − CT method with β-actin serving as the housekeeping gene [29] . Table 1 . The list of primers for analyzed genes.
Gene
Sequence
Statistical Analysis
All the data were presented as the mean ± standard error of the mean (SEM) and were analyzed by one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison test. The statistical analyses were performed with GraphPad Prism 7.0 software (San Diego, CA, USA). Differences were statistically significant when p < 0.05 or p < 0.01.
Results
Effects of Maternal Exposure to T-2 Toxin on the Body Weight and Testicular Weight of Offspring
At all stages, maternal exposure to T-2 toxin induced a decrease in body weight and testicular weight in mice offspring. Among them, the high dose of T-2 toxin significantly reduced body weight and testicular weight in PND 21; both toxin groups significantly reduced body weight and testicular weight in PND 28; while only the high dose of T-2 toxin significantly reduced body weight and testicular weight in PND 56.
After the effect of weight loss was removed, we only found that maternal exposure to the high dose of T-2 toxin significantly reduced relative testicular weight in PND 28, with no significant differences in the remaining stages ( Table 2 ). It suggested that the effects of maternal exposure of T-2 toxin on testicular weight loss were associated with weight loss and it was speculated that mice gradually return to normal reproductive system development (PND 56) and the T-2 toxin may be eliminated by metabolism. 
Effects of Maternal Exposure to T-2 Toxin on the Testicular Histology of Offspring
In PND 21, the seminiferous tubule in high T-2 toxin group was smaller as compared with the control, normal seminiferous epithelium damage were detected in both control and low dose of T-2 toxin group; however, there was no significant change in the high dose group (Figure 2A) ; in PND 28, both low and high dose of T-2 toxin treatment showed significant gaps between the seminiferous tubules; there was no significant difference in the testicular histology among all groups in PND 56. These data indicated that the damage to testicular lesions by T-2 toxin may be alleviated in post-puberty.
The cross-sectional area of seminiferous tubules and the height of seminiferous epithelium were measured to quantify the change in testicular histology ( Figure 2B ,C). At PND 21, the cross-sectional area of seminiferous tubules in the high dose group tended to decrease as compared with the control (p = 0.085), and abnormal seminiferous epithelium increase was detected in the high dose group (p < 0.05). There was no significant difference among groups in PND 28 and PND 56. Combined with histomorphological observations, these results indicated that maternal exposure to T-2 toxin may disturb the normal seminiferous tubules and seminiferous epithelium development in both weaning and pre-puberty.
Effects of Maternal Exposure to T-2 Toxin on Antioxidant Indicators in the Testes of Offspring
Maternal exposure to T-2 toxin reduced antioxidant enzyme activity and increased MDA levels in both PND 21 and PND 28 (Table 3) . Interestingly, on PND 56, the high dose of T-2 toxin had no significant difference as compared with control, while the low dose of T-2 toxin showed a small increase in antioxidant enzyme activity. A significant dose-dependent effect of 8-OHdG was detected in PND 21, with increased DNA damage at the low dose and no significant changes at the high dose. At PND 56, there was no significant difference among all groups. These results indicated that maternal exposure to T-2 toxin produced significant oxidative stress to the testes of offspring in weaning and pre-puberty, and produced DNA damage in a dose-dependent effect to testes of offspring in weaning. Oxidative stress and DNA damage in T-2 toxin treated groups tended to be normal at post-puberty, it was suggested that the T-2 toxin was cleared by the metabolism of the body itself. 
Effects of Maternal Exposure to T-2 Toxin on Testosterone Synthesis in the Testes of Offspring
Maternal exposure of T-2 toxin significantly reduced the testosterone concentration in testes at PND 28 (p < 0.05), but no significant change in PND 21 and PND 56 ( Figure 3A) . Maternal exposure to high dose of T-2 toxin down-regulated all testosterone synthesis-related genes in testes of offspring in PND 21 and PND 28; CYP17A1 was significantly decreased in low dose group in PND 21 (p < 0.05); StAR and 3β-HSD were significantly decreased in high dose group as compared to the control in PND 28 (p < 0.05). In PND 56, there were no significant changes among all groups ( Figure 3B) . These results suggested that maternal exposure to T-2 toxin had bad effects on testosterone synthesis in early adolescent mice by down-regulating genes involved in testosterone synthesis. These changes may be associated with high levels of oxidative stress damage detected in PND 21 and PND 28. Each value represents the mean ± SEM of the group (n = 4). * p < 0.05, ** p < 0.01: compared with the control (0 mg/kg T-2 toxin).
Maternal exposure of T-2 toxin significantly reduced the testosterone concentration in testes at PND 28 (p < 0.05), but no significant change in PND 21 and PND 56 ( Figure 3A) . Maternal exposure to high dose of T-2 toxin down-regulated all testosterone synthesis-related genes in testes of offspring in PND 21 and PND 28; CYP17A1 was significantly decreased in low dose group in PND 21 (p < 0.05); StAR and 3β-HSD were significantly decreased in high dose group as compared to the control in PND 28 (p < 0.05). In PND 56, there were no significant changes among all groups ( Figure  3B) . These results suggested that maternal exposure to T-2 toxin had bad effects on testosterone synthesis in early adolescent mice by down-regulating genes involved in testosterone synthesis. These changes may be associated with high levels of oxidative stress damage detected in PND 21 and PND 28. 
Effects of Maternal Exposure of T-2 Toxin on the Expression of Apoptosis-Related Genes in the Testes of Offspring
Maternal exposure to T-2 toxin had no significant effects on the expression of genes related to apoptosis in the testes of offspring in all stages (p > 0.05). Although we were surprised to find a tendency to decrease the expression of genes related to apoptosis in high dose group at PND 21 and 28, especially the CASP3 at PND 21 (p = 0.054) (Figure 4 ). Animals 2020, 10, x FOR PEER REVIEW 9 of 13
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Maternal Exposure to T-2 Toxin Induced Decreases in Body Weight and Testicular Weight
Body weight is a comprehensive indicator for assessing the effects of exposure to toxicants on the general condition of experimental animals. It can reflect the changes in systemic nutritional status and overall function of organisms after sensitive exposure. The decrease in maternal nutritional levels may reduce the birth weight of the offspring, thereby reduce its production performance [21] . In the present study, a significant decrease in body weight and testicular weight was detected in the maternal exposure of T-2 toxin group, and these results were consistent with previous findings of the direct effects of T-2 toxin on mice [16] . The inhibition of the seminiferous tubules' development (PND 21 histological section) and the increase of the seminiferous tubule gaps (PND 28) may be the cause of testicular weight loss in offspring. These results indicated that maternal exposure to T-2 toxin was toxic to the testicular development of offspring in weaning and pre-puberty; the loss of testicular weight was related to the loss of body weight. Interestingly, there was no significant change in relative testicular weight at weaning day, which indicated that milk of dams may partly protect the testis of offspring.
In post-puberty, when the mice reached sexual maturity, the toxicity of T-2 toxin decreased, indicating that maternal exposure during pregnancy and lactation affects the body weight and organ weight during the initial period of the offspring. After weaning, under sufficient nutrient supply conditions, the compensation growth was achieved, and body weight was restored.
Maternal Exposure to T-2 Toxin Induced Oxidative Stress in the Testes of Offspring During Pre-Puberty
The antioxidant system is an important regulatory system for maintaining spermatogenesis and testosterone synthesis in the testes [19] . During testicular development, the powerful antioxidant system in testis removed large amounts of ROS produced by spermatogenesis and steroidogenesis [30] . The antioxidant capacity of the testis can be reflected by assessing the activity of the relevant enzymes in the antioxidant system. In the testis, the main antioxidant enzymes are SOD, CAT and GPX [31] .
T-2 toxin has been shown to decrease the activity of antioxidant enzymes such as SOD, GSH-Px, and CAT mainly via oxidative stress [30] . The latest studies showed that increased oxidative damage was detected in oral T-2 toxin treated mice, with the increase in ROS and MDA and decrease in T-AOC and GSH-Px, accompanied by disordered spermatogenesis [16] . In the present study, maternal exposure to T-2 toxin reduced the activity of SOD and increased the level of MDA in the testes in pre-puberty; moreover, a significant decrease in testicular testosterone was detected in pre-puberty. These results suggested that maternal exposure to T-2 toxin induced significant oxidative damage in the testes of pre-puberty.
8-OHdG is widely accepted as a biomarker for DNA damage induced by oxidative stress [32] . In a normal physiological process, DNA oxidative damage repair mechanism corrects the error of DNA strand through excising 8-OHdG from DNA strand [33] . In previous studies, T-2 toxin induced DNA damage, apoptosis in GH3 cells [34] and articular chondrocyte of rats [35] both via up-regulated expression of 8-OHdG. T-2 toxin induced DNA damage on GH3 cells by increasing the levels of 8-OHdG in a dose-dependent manner. Maternal exposure to T-2 toxin has a dose-dependent effect on 8-OHdG in the testes of weaning mice (PND 21), with a significant increase in low dose group and no effect in high dose group. In contrast, the increase of 8-OhdG in low dose group was abolished at pre-puberty (PND 28), even though a high level of oxidative stress still existed in T-2 toxin group, which indicated that there may be an activated DNA protection mechanism to prevent DNA from oxidative damage in puberty.
Maternal Exposure of T-2 Toxin Inhibited Testosterone Synthesis in the Testes of Offspring during Pre-Puberty
Testosterone has a physiological role in maintaining spermatogenesis, stimulating the development of reproductive organ, maintaining normal libido, and promoting protein synthesis, which is very important in testicular development. In the testis, testosterone is synthesized and secreted by Leydig cells. The biosynthesis of testosterone begins with the transport of cholesterol from the mitochondrial outer membrane to the inner membrane by StAR and then catalyzed by enzymes such as CYP11A1, 3β-HSD, CYP17A1 and 17β-HSD to produce testosterone [36] . In the process of testicular androgen biosynthesis, StAR and CYP11A1 are rate-limiting enzymes, and 3β-HSD and l7β-HSD are key enzymes involved in the formation of sterol hormones.
There are three peak periods of testosterone production by Leydig cells, namely the time between embryonic sex differentiation, birth, and puberty, which induced the differentiation and development of male organs, the hypothalamic masculinization of the central nervous system and the formation of male secondary sexual characteristics respectively [37] . Insufficient testosterone secretion at any period will affect the normal development of the testes. In previous studies, direct exposure of T-2 toxin could inhibit the mRNA expression of 3β-HSD, CYP11A1 and StAR in mouse Leydig cells [38] and impaired testosterone secretion in vitro [39, 40] and vivo [17] model. The data detected in the present study showed that after the maternal exposure of T-2 toxin, the genes involved in testosterone synthesis were down-regulated in the testes of pre-puberty offspring, especially StAR, the essential limiting factor in testosterone synthesis. After sexual maturity, there was no significant difference in gene expression involved in testosterone synthesis, and the rapid metabolism of T-2 toxin and the recovery of the body itself may contribute to the recovery. Whether maternal exposure of T-2 toxin has a potential impact on the development of spermatogenesis in testes of offspring remains to be further studied.
Maternal Exposure to T-2 Toxin May Disturb Apoptosis in the Testes of Offspring during Pre-Puberty
The testis is a tissue in which many apoptosis occurs to discard excessive germ cells, or thereby remove germ cells destroyed by toxins [41, 42] . Apoptosis is a genetically controlled event, which is regulated by a variety of genes, including the Bcl-2 family, p53, c-Myc genes, and caspases [43] [44] [45] .
BAX is a pro-apoptotic member, while Bcl-2 and Bcl-w belong to the anti-apoptotic member of the Bcl-2 protein family, both of which are involved in early spermatogenesis [46] . CASP3 is considered to be a major executive protease of apoptosis [47] . CASP3 synergistically activates in the first spermatogenic epithelial wave [48] , and participates in the regulation of spermatogenic epithelium, sperm differentiation and testicular maturation [49] .
In the present study, our results showed that maternal exposure of T-2 toxin has no significant effects on the expression of genes related to apoptosis. Interestingly, in pre-puberty, the offspring of mice maternally exposed to T-2 toxin tended to decrease the expression of apoptosis-related genes. The first time of large-scale apoptosis of testis occurred around 3 weeks after birth, the occurrence of the first apoptotic wave was BAX-related and could be inhibited by the over-expressing of Bcl-2 in the testis of transgenic mice [50] . Combined with the results of histology we could explain the testes' damage in the control and the low dose, which may indicate the occurrence of the first apoptotic wave on the PND 21. Interestingly, maternal exposure of high dose T-2 toxin had a significant difference as compared with the other two groups in PND 21, these results implied that high dose of T-2 toxin from mother may disturb the first spermatogenic apoptotic wave in the testis, but this hypothesis needs to be further studied.
Conclusions
The current study indicated that maternal exposure to T-2 toxin had obvious toxic effects on early development at puberty in male offspring. It broke the balance of antioxidant system in testis through oxidative stress, and reduced testosterone synthesis, led to a reduction of testosterone levels at pre-puberty. Although these toxic effects of maternal T-2 exposure on the offspring may be alleviated with the sexual maturity of the offspring, it is worthwhile to investigate the damages caused to offspring at puberty and the potential impacts on spermatogenesis.
